This study compared the in vitro cell viability and differentiation potentials of human deciduous dental pulp cells (DPCs) on mineral trioxide aggregate (MTA)-like products (ProRoot MTA, RetroMTA and Endocem Zr).
Ⅰ. Introduction
Mineral trioxide aggregate (MTA) has been used in numerous clinical applications in the field of endodontics since it received approval from the US Food and Drug Administration in 1998. Its excellence in biocompatibility and sealing ability has led to its use in endodontics for a variety of treatments such as apexification, pulpotomy, and pulp capping 1) . Recent clinical studies have demonstrated the sealing ability and biologic responses of MTA in pulpotomy and pulp capping in permanent 2) and deciduous 3, 4) teeth. In both tooth types, MTA has produced significantly more favorable results with regard to efficacy and stability as a pulp treatment medicament compared to the conventionally used calcium hydroxide [Ca(OH)2] [5] [6] [7] [8] .
The success of pulp treatment can be attributed to the degree of initial cytotoxicity and the effect on pulpal inflammation associated with pulp capping/pulpotomy materials, since they come into direct contact with the pulp tissue. Previous in vivo studies have found that MTA induces less inflammation in the pulp tissue than Ca(OH) 29, 10) .
However, yet other researchers have reported that after contact with pulp tissue, MTA also induces tissue necrosis at the regions nearest to the hard-tissue bridge 11, 12) . A detailed in vitro study of the initial cytotoxicity associated with MTA is needed to unveil the effects of such an inflammatory reaction to the treatment outcome.
The results of recent studies have been controversial regarding the cytotoxicity of MTA. Some have demonstrated that pulp cells cultured on MTA have a higher survival rate than those cultured on other endodontic materials 13) , and enhance cell differentiation into various hard-tissue formation precursors such as dentin sialoprotein, osteocalcin, and alkaline phosphatase (ALP) 14) .
However, others studies have found that MTA reduces the cell-survival rate when it comes into contact with pulp cells 15) . Moreover, the most recent studies are limited to ProRoot MTA and to human pulp cells from permanent teeth.
The increasing use of MTA in deciduous teeth and the differences in the responses to this material of cells from permanent and deciduous teeth stresses the need for in vitro studies using deciduous dental pulp cells (DPCs).
In addition, while there are numerous studies on fetal bovine serum (Invitrogen), 100 U/ml penicillin (Invitrogen), 100 μ g/ml streptomycin (Invitrogen), and 2 mM L-glutamine (Invitrogen) at 37℃ in an incubator under 5% CO2 and 100% humidity. The isolated stem cells originating from individual teeth were blended at passage 2, and passages 3-5 were used for further experiments.
Material Preparation
The MTA-like products used in this study were These materials were prepared according to the manufacturer' s instructions. The mixtures of materials were packed into rubber molds (8 mm in diameter and 1 mm thick), covered with overhead projector (OHP) film (CG6000, 3M Korea, Seoul, Korea), and allowed to set in an incubator for 1 day under conditions of 100% humidity and 37℃. After removing the OHP film, the mixtures were replaced into the incubator for one more day.
The set discs were removed from their rubber molds and sterilized under ethylene oxide.
Preparation of Extracted Media
The discs of experimental material were placed into 50-ml conical tubes (SPL, Pocheon, Korea) and extracted with growth medium or osteogenic induction medium in an incubator for 3 days at 37℃ under 5% CO2 and 
Scanning Electron Microscopy Analysis
After extraction for 3 days with growth medium, as 
Cell Viability Test
The viability of human DPCs from deciduous teeth was evaluated using two methods: (1) direct contact between the experimental disc and the DPCs and (2) treatment of the DPCs with extracted medium from the experimental discs. Cell viability was measured using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan), according to the manufacturer' s instructions.
In the first experimental protocol, direct contact with the disc, extracted medium was first obtained from the discs as described above. Human DPCs were then seeded at 2×10 4 cells/well onto the discs in 48-well plates.
After 1 and 3 days, discs with cells were transferred to new 48-well plates, and growth medium and CCK-8 reagent were added to each well, and incubated at 37℃ for 4 hours. The amount of the reduced water-soluble formazan that is produced by the activity of dehydrogenases in living cells was measured using a spectrophotometer (Benchmark Plus Microplate Spectrophotometer, Bio-Rad Laboratories, Hercules, CA, USA) at 450 nm.
In the second experimental protocol, treatment of human DPCs with extracted medium from the discs, the cells were seeded at 2×10 3 cells/well in 48-well plates.
After 3 days, when the cells had reached about 50% confluency, the cell culture medium was changed to extracted growth medium diluted to concentrations of 1:1, 1:2, and 1:4. After 3 days in the extracted medium, CCK-8 reagent was added to each well and incubated at 37℃ for 1 hour. The amount of reduced formazan produced was measured as described above.
As a control, the cells were cultured in growth medium alone for both the direct and indirect methods.
pH Measurement
Experimental discs were extracted with α - MEM The ALP activity assay was performed as described elsewhere 17) . In brief, the level of ALP activity was measured using a SensoLyte � pNPP Alkaline Phosphatase Assay Kit (AnaSpec, Fremont, CA, USA), according to manufacturer' s instructions. The supernatant of the cell lysates was used for detection of ALP activity. The absorbance was measured using a microplate spectrophotometer (Bio-Rad) at 405 nm. The measured ALP activity was normalized against total protein quantity in the supernatant of the same cell lysates using a Pierce BCA Protein Assay Kit (Thermo Scientific).
Effect on DPC Osteogenic Differentiation
DPCs were seeded a density of 1×10 4 minutes under conditions of gentle agitation; the amount of extracted dye was measured using a microplate spectrophotometer (Bio-Rad) at 570 nm.
Statistical Analysis
All experiments were conducted at least in triplicate.
All Ⅲ. Results
Surface of the Experimental Discs and Cell
Morphology Analysis SEM analysis was performed to explore the surface of the experimental discs before and after extraction, and to examine the morphology of the DPCs growing on the discs (Fig. 1) . The surface of extracted discs ( Fig. 1E-H was uneven and rough compared to that of the nonextracted discs (Fig. 1A-D (Fig. 1F-H, arrows) .
In contrast, cells on the IRM disc were rounded, and few had adhered to the disc surface (Fig. 1E ).
Effect of the Experimental Materials on Cell Viability
When in direct contact with the discs, the cell viability of experimental groups was significantly lower than in the control group. On day 1, the cell viability of the IRM and Endocem Zr groups was lower than 20%, whereas those of the ProRoot MTA and Retro MTA groups were 48% and 51%, respectively. Cell viability was lower on day 3 than on day 1 in all groups. In the IRM and Endocem Zr groups, there were very few live on the disc surface (i.e., cell viability was lower than 5%). The cell viabilities in the ProRoot MTA and Retro MTA groups were about 21% and 17%, respectively, on day 3 ( Retro MTA groups had recovered to a level close to control levels (Fig. 3) .
Fig. 2.
Relative cell count of DPCs in direct contact with various materials after 1 and 3 days of culture. The y-axis represents the percentage relative to the value for the control group (DPCs cultured on culture plates with growth medium), which was set at 100%. The data are presented as mean and SD values (n = 3). There was no statistical difference in DPC proliferation between any of the groups after 1 day (p > 0.01). However, significant differences (p < 0.01) were observed after 3 days between the Endocem Zr and ProRoot MTA groups (*), and the IRM and the ProRoot MTA and RetroMTA groups (α ).
Fig. 3.
Relative cell count of DPCs after 3 days of indirect contact with media extracted from the various experimental materials diluted to concentrations of 1:1, 1:2, and 1:4. The y-axis represents the percentage relative to the value of the control group (DPCs cultured on culture plates with growth medium for 3 days), which was set at 100%. The data are presented as mean and SD values (n = 3). There were statistically significant differences (*) between the Endocem Zr and ProRoot MTA groups, and the Endocem Zr and RetroMTA groups at the 1:2 concentration, and between the Endocem Zr and RetroMTA groups at the 1:4 concentration. Statistically significant differences (α ) were also seen between the IRM group and the ProRoot MTA, RetroMTA, and Endocem Zr groups at all extracted medium concentrations (p < 0.01).
pH Measurement of the Extracted Media
The media extracted from the experimental discs were alkaline in all cases except IRM. The extracted media of ProRoot MTA and Retro MTA discs were particularly strongly alkaline (i.e., pH higher than 12), with no significant difference between the two groups. The pH was lower in the Endocem Zr group than in the ProRoot MTA and Retro MTA groups (Fig. 4A) .
The color changes observed using the pH indicator corresponded with the pH measurements. At the 1:2 concentration, the pH of the Endocem Zr extracted medium was between 8 and 10, and that of the ProRoot MTA and Retro MTA extracted media was between 10 and 12 ( Fig. 4B ).
Effect of Experimental Materials on Osteogenic Differentiation
The effect of extracted medium on DPC osteogenic dif- groups than in the negative control group, but less than in the osteogenic, positive control group (Fig. 6 ).
Ⅳ. Discussion
In vitro testing of the cell viability and differentiation potential of dental materials could lead to better treatment outcomes for vital pulp therapy procedures.
However, few studies have focused on measuring these functional effects of the newly developed MTA-like materials on dental tissues. This study used human deciduous DPCs to evaluate the initial cell viability and differentiation responses to various MTA-like materials. Fig. 5 . ALP staining and enzymatic activities of human DPCs in the three test-material extracts after 3 days of culture. (A) ALP staining images were obtained after 10 days of DPC exposure to the test materials in culture medium and compared to the control (i.e., not exposed to osteogenic factors; negative control) and osteogenic (i.e., osteogenic differentiation medium; positive control) groups. (B) ALP activities of DPCs in the testmaterial extracts. The y-axis indicates the relative activity of ALP, which is expressed as ALP (ng)/total protein (㎍). The data are presented as mean and SD values (n = 6). Statistically significant difference (*) was observed between the ProRoot MTA and osteogenic groups (p < 0.01).
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Fig. 6.
Degree of extracellular mineralization achieved by DPCs when cultured in media extracted from the experimental materials. (A) Images were obtained and compared to the control and osteogenic groups using Alizarin Red S staining. The stained mineralization nodules (lower) were observed using a light microscope. Scale bars=100 ㎛. (B) The amount of stained nodules generated in each of the test materials in which cells survived was measured. The y-axis represents the optical density (OD) at 570 nm. The data are presented as mean and SD values (n=7). Statistically significant difference (α ) was seen between all test groups and the control group (p < 0.01). Statistically significant difference (*) was seen between the Endocem Zr and osteogenic groups (p < 0.01).
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Overall, there were no significant differences among the test materials with regard to both their cell viability and differentiation potentials. However, with indirect contact, Endocem Zr was associated with a slightly higher cell viability, possibly due to its lower alkalinity.
Endocem Zr is a zirconium-oxide-enriched, calciumsilicate-based cement 18) . A high zirconium content has been employed as a radiopacifier as a substitute of bismuth oxide 18) . Furthermore, the replacement of bismuth oxide with zirconium oxide may contribute to the fast setting properties and hence lower solubility of Endocem Zr 18) , as observed in the SEM images produced in the present study. According to the manufacturer, Endocem
Zr consists mainly of zirconia (59.49% wt), calcium (18.52% wt), and silicon (4.82% wt).
Retro MTA was developed as a bioceramic for root re- As shown by the results of the present study, when used under direct-contact conditions, MTA exhibits a certain degree of cytotoxicity 10, 19, 20) . This cytotoxicity can be explained by the high pH created during setting, and which remains high for at least 8 weeks 11, 21) . Previous studies have also reported this finding, although to a lesser degree, MTA has been shown to induce zones of inflammation and necrosis when it comes into direct contact with the pulp tissues 12, 22) . Adjacent to this necrotic zone lies a newly formed calcific barrier 23) . Therefore, the bioactive influence of MTA on pulp tissue is thought to [25] [26] [27] , while others have produced contrary evidence, wherein both direct-and indirect-contact testing resulted in low cell viability 28) , as observed in the present study. However, the diversity of experimental methods 18) .
The addition of high amounts of zirconium oxide has greatly reduced the amount of calcium released from
Endocem Zr compared to other MTA materials.
The ideal repair process after pulpotomy requires a thick, firm, hard tissue barrier adjacent to the filling material, as well as a healthy pulp tissue below it.
However, the exact mechanism by which MTA induces the formation of a hard-tissue bridge is only partly understood. It has been noted that the mechanism underlying the stimulation of repair by the deposition of mineralized tissue is dependent upon the pH and the ability to release various ions including calcium ion 24, 30, 31) . One may question the influence of such changes in pH is it an inevitable drawback or a component necessary for a favorable reaction toward pulpal repair? Despite the induction of an inflammatory reaction and coagulation necrosis of the living pulp tissues, it has been suggested that the formation of mineralized tissue is also stimulated by the high pH of MTA 31, 32) . Many other studies support this suggestion by showing that the high alkalinity of the material plays a major role in the induction of a hard-tissue barrier by creating a favorable environment for cell division, matrix formation, and antimicrobial ac-tivity 21, 33) . Further investigation is needed to discover the effect and the influence of the relatively low pH of Endocem Zr on the repair process in pulp tissues.
Cell differentiation potential appears to vary according to the concentration of MTA. It has been reported that MTA suppresses the differentiation of human DPCs when in indirect contact 34) . The present differentiation test results yielded similar results. However, these results conflict with many previous studies showing that ProRoot MTA exhibited enhanced differentiation potential 5, 6, 35) . Such a favorable bioactive property of ProRoot MTA has been explained by a reaction similar to that of calcium hydroxide 11, 12, 23) . The release of calcium ions from ProRoot MTA during its interaction with moist, phosphate-containing environments induces the formation of a hydroxycarbonate apatite layer on the surface of the cement 36) . However, the controversy regarding the variation in differentiation potentials between studies could be attributable to differences in experimental conditions, one of the most influential of which may be the concentration of test extracts used. For example, in the study of Guven et al. 37) , who reported enhanced differentiation with MTA, the ratio of the surface area to volume used for preparation of the test extract was 125 mm 2 /ml, whereas that in the present study was 299 mm 2 /ml.
Higher extract concentrations could result in a higher content of toxic materials and a higher pH, thus leading to less favorable test results.
A major shortcoming of in vitro tests such as those performed in this study is that they do not allow determination of the interaction between the material and the host tissue. Given that only a few clinical studies involving few subjects have investigated pulpotomy, all of which lack long-term evaluation, further in vivo/clinical studies should be encouraged, especially for the newly developed Endocem Zr and Retro MTA.
Ⅴ. Conclusion
Despite their differences, ProRoot MTA, Retro MTA, and Endocem Zr were all associated with low cell viability and were unable to enhance the proliferation or differentiation of human DPCs in this study. However, the cell viability of human DPCs associated with Endocem Zr was greater than for the other test materials, probably due to its lower alkalinity. Further in vivo/clinical studies is required for unveiling whether such natures could contribute to a successful treatment outcome.
